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By PerryL.Blackshear,WarrenD.Rayle,andLeonardK. Tower

siuMwRY

As partofa generalresea&hprogramon screechingcombustionat
theNACALewislaboratory;an investigationwasconductedto develop
screechinstrumentationandto studythemechanismofscreechina 6-
inch-diametersimulatedafterburner.

probemicrophonesweredevelopedthatcanheutilizedtomeasurethe
frequency,relativeampMtude,andrelativephasingofthepressureos-
cillationsat variouspositionswithina screechingcombustor.Incali-
bratingthesemicrophonesto determineabsolutevaluesofpressuream-
plitude,a newtheory%s proposedto accountforthenonlinearattenua-
tionof-high-amp13%u&soundintubes.

Theacousticoscillationsaccompanyingscreech
burnerconsistedofthefirsttransverse(sloshing)
downstreamoftheflsmeholder.

inthe6-inchsfter-
modeinthehotgases

JITITIODUCTIOTi

ThetrendtowardhigherflightspeedsformiMtaryaircraftcreates
theneedforjetenginesof increasedthrust.Thetrendinafterburner
andram-jetconibustordevelopmenthasthereforebeentowsrdco&ustors
thatoperateathigherpressure~,highercotiustiontemperatures,and
highervelocities.Withthedevelopmentofthesehigh-ou@utconbustors,
thephenomenonknownas,screechhasbeenwidelyencounteredthroughout
theaircraftindustry.Screechti,rivefiitsnamefromthehigh-pitched
audiblesoundaccompanyingthephenomenon.Othermanifestationsof
screecharehigh-frequencypressureoscillationinthecmibustorandan
increasedrateofheattransfer,whichhaveresultedinrapidd@eriora-
tionorfailureof conbustorshell,flsmeholder,andothercotiustor
parts. Inmostinstances,therefore,screechisundesbbleandisto
be avoided.Itis essentialthatanunderstandingofthescreechphe:
nomenonbe obtainedandthqta methodof controllingor eliminating
screechbe devised.

‘..
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Screechhasreceivedsomedetailedstudyinrocket(refs.1 and2),
simulatedrsm-jet(ref.3),andafterburning(ref.4) engines.~ ref-
erences1,2, and4, screechwas identifiedasa transversetideofos-
cillationby comparingtheexperimentallyobservedfrequencywiththe
frequenciescalculatedfromthevariousacousticmodespossibletian
idealizedchamberresemblingthecombustorsemployed.Enreference3,
screechwasidentifiedasa transversemodeby schlierenpicturesofthe
motionoftheflameneartheflamehold=andby inspectionoftiefre-
quencyoldxained.A moredetailedstudyofthescreechmechanismis o
desirable,since(1)a wideassortmentof ideaMzedmodescangiveevi- W
dencesimilartothatreportedinreferences1 to 4, and(2)conditions

om
withinthecoxribustarssuggesta muchmorecomplicatedpictureofthe ‘
oscillationthantheidealizedacoustictreatmentadmits(r&. 5).

Thetivestigationreportedherein,wM* is partofa generalpro-
@am to investigatescreechatthelWCALewislaboratory,hada two-fold
ohjective:(1)to developsuitableinstrumentationforstudyingscreech”
h anoperatingcondmstor,and(2)tomakethemeasurementof screech
necessaryto assessthescreechmechanism.Theinvestigationwascon-
ductedwitha 6-inch-dismeterdirect-connectcotiustor.Theconibustor
configurationandoperatingconditionssimulateda turbojetafterburner.
Theinstrumentation,whichwasdevelopedandevaluatedforstud@ng
screech,includeda probemicrophonecapalleofmeasuringthepressure
fluctuationsatanypointwithinthecomustor.Thispermitteda detailed
studyofthespatialdistributionofamplitudes,frequenciess,andrela-
tivephases.Ionizationgapswereutilizedto indicatethepositionof
theflsmefrontinthevicinityoftheflsmeholder.Inorderto calibrate
theprobemicrophone,an eqerimentalandtheoreticaltivestigationwas
madeoftheattenuationof large-amplitudesoundintubes.

Fromsurveysofthescreech-amplitudedistribution,frequency,and
reldivephasing,theoscillatorymotionofthegasesM theconibustor
wasdeducedby anparingtheexperimentalresultswithphemomenapre-
dictedfromtheoreticalconsideration& variousmodesofacousticos-
cillation.A UnitedstudywasmadeoftheMfecton screechamplitude
antifrequencyof suchsystemvariablesas combustorpressure,air-flow
rate,fuel-airratio,andflameholdertypeandposition.

Theworkreportedhereinwasconductedduririg1952-53,andhasbeen
reportedwithadditionalinformationinanNACAclAssifieddocument.

ApMRATusANDFmmDuRE

Installation
.

A diagramof thecombustorinstalMtionis showninfigure1. The
inletandoutletductswereconnectedto thelaboratmyairsupplyand
exhaustsystems● Air-flowratesandcombustorpressureswereregulated %

by a
area

remote-contilledvalveWstreamof theconibustorandby a variable-
combustorexhaustnozzle.A Wbularproduction-modelturbojet
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combustorwasinstalledintheductupstreamoftheresearchcombustor
toprovideconditionsintheinletstreamsimulatingconditionsatthe
inletofa turboJetafterburner.

ResearchCombustor

Theresearchconibustor(fig.2)hadan insidedismeterof 6 inches
anda length(measuredfromthepositionoftheflameholclerw theposi-
tionoftheexhaustwzzle)thatcouldbevariedfrom34to 4* inches
by traversingtheflameholder.Theflameholderwastraversedsxiallyby
meansofa wirecableanda winch.Thecotiustorlwvingthevariable-
areaexhaustnozzleandthewater-jacketedcotiustorsheilshowninfig-
ure2 wasusedforonlya partoftheinvestigationreportedherein;
duriagtheearlyphasesofthisinvestigation,@e cotiustorhada fixed-
areaexhaustnozzleanda air-cooledoutershell.Fuel,JP-4orgaso-
ldne,wassuppliedtotheccmbustorthroughanah-atomizingspraybar
(fig.3) located100inchesupstresmof theexhaustnozzleattheposi-
tionindicatedinfigure1. Fourflsmeholderswereinvestigated:two
singlediametricV-typeflameh.elders$ am @ incheswideandtwo60°-
single-coneflameholderswithareablockagesof30 and46percent.

Gem=alInstrumentalion

Airflowwasmeteredby a concentric-hole,sharp-edgedorilficein-
stalledaccordiugtoA.S.M.E.specifications.Fbelflowwasmeteredby
a calibratedrotsmeter.Co*ustor-imletpressurewasmeasuredby four
wallstatictipsas indicatedinfigure1. Combustor-tiettemperature
wasmeasuredby chromel-ahmelthermocouplesconnectedto a self-.
bslancingrecordingpotentiometer.A thrusttargetwasemployedto
measurethemomentumoftheexhaust.ThiswasI-at=replacedby a water
quenchspray,fol.lowedby a thermocm@.earray.Theriseinenthal~
acressthesystemthenindicatedthethermalefficiency.

SpecialInstrumentation

Microphoneprobedevelopment,- An instrumentwasrequiredthat

“=~’yt’:e=””f;z=s’’”bu-tionofanystandingwaves steminthecombustor.To determinethe
pressuredistribution,twobasictechniqueswereapparent:(1)move*
sensingelement’to variouspositionsinthecodoustor,or (2)utilizea
movableprobetopickupthepressuresignalatvariouslocationsand
transmit‘thissignslto thesensingelementlocatedoutsidethecombustor.
Thereexistwater-cooledpressurepickupsthatcanwithstandlimitedex-
posuretoflamewhenmuntedontheccmbustorwall. ‘lhelifeofthese
pickupsis in constantjeopardywithdesignsemployedsofar,andto
adaptthesepickupsto hmrsion inthehotgasstreamwouldhardlyseem
feasible.

—._—. —.. —.—-. ———. — .. . —.. .— — >.—— —— –- .. —..—.———
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Therefore,probemicrophonesformeasuringthefrequencyandrela-
tiveamp13.tudeofscreechinan operatingcombustorweredesigned,fab-
ricated,andsubjectedtopreliminaryevaluationbymeasuringscreechin .
the6-inch-diametersimulatedafterburner.Theinstrumentsshowingthe
greatestpromisewerethenselectedformoredetailedcalibrationand
additionalstudiesof screech.Thenecessarycalibrationconsistedofa
measurementoftheattenuationofpressurewavesbetweentheopenendof
theprobeandthemicrophone.

g
Description’ofinstruments.- Theprobemicrophoneis showninfig- 0m

ure4. A water-co,oledprobethatcouldbetraverseddiametricallythrough
thecombustorwasconnectedto a 50-footcoilofl/4-inchcower%ubing-
thatbehavedacousticallyasaninfinitetubeinthatitproducedneg-
ligiblereflectionofpressurepulsesenteringthetube.Thesensing
element,a microphone,wasconnectedtothis“infinite]’tubeby a short
l/32-inch-diameterleadata pointnearthecombustor.Topreventcom-
bustiongasescontainingsootandmoisturefromenteringtheprobeduring
normaloperation,a smallflow.ofclean,dryairwasmaintainedthrough
the“infinite”tubeintothecombustor.Theairpmge wasnotadequate
tokeepthetubecompletelyclean,sincerapidchangesin combustor .

operatingconditionscausedpressuresurgesthatsometimesc=”riedcom-
bustiongasesintothetube.To avoidchangesin thetubeattenuation
constantsresultingfromsootdepositedfromthesecombustiongases,it -
wasdeemednecessarytousea tubeofreasonablylargediameter(3/16- .
in.I.D.).

Specialprobeswerefabricatedtocheck”thereliabilityofthephase
measurementsobtainedwiththestandardprobemicrophone.These“phase”
probeswereintendedprimarilytoproducereliablephasemeasuraents;
thereliabilityoftheiramplitudereadingswasassumedtobe small.A
diagramof sucha probeis showninfigure5. Thedistancefrcintheend
oftheprobetothemicrophone*S minimizedto avoidvariationsinin-
ternalphaselag. Theboreofthetubewaskeptsmallto enableviscous
dampingtominimizetheeffectofreflectedwaves.An amplesupplyof
coolingwaterwaspassedthroughtheJacketoftheprobes,keepingthe
gaswithinthesmalltubeata temperatureabovethedewpointofthe
combustionproducts.

Readingsobtainedwiththephaseprobesconfirmedthevalidityof
thephasemeasurementsmadewiththestandardprobemicrophone.The
phasemeasurementsarethereforepresentedunderRESUI!I’SANDDISCUSSION
withoutqusdificationastotheinstrumentemployed.

CaMbration.- Imorderto calibratethespecialscreechinstruments
forfrequencyandamplituderesponse’,theapparatussho~minfigure6 was
utildzed.Theapparatusforgeneratinglow-amplitudepressurewaves .

(fig.6(a)) consistedofa resonmcechamberdrivenby a pistonspeaker. -‘
Theapparatusforhigh-amplitudepressure.waves(fig.6(b))consisted-of ~

..—— — —.— -—---——. - -———- -——--—— --- _—-—
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a similarresonancechsmiberdrivenby a high-pressureatijetthatwas
admittedintermittently-bya rotatimg“chopper”disk.Thereadingsof
theresearchinstrumentswerecomparedwiththereadingsof a reference
microphonethathadpreviouslybeencalibratedwitha knownsteady-state
vsriationinpressure.Fromthesedatatheattenuationcoefficientfor
theprobemicrophonewascomputed.

A theoreticalanalysiswasmadeofthedampingoflQgh-smpUtude
pressurewaves,andtheresultingtheoreticalequationswereutilizedto
correlatetheexperimentaldataonattenuationofhigh-amplitudewaves.
Theoreticalconsiderationswerealsoutilizedto correctforthechange
inamp~tudeaccompanyingthetransmissionofa pressurewaveacrossa
temperatureinterfacesuchasthatexistingbetweenthehotgasesin the
combustorandthecoldpurgesdxflowingthroughtheprobemicrophone.

.-

AttenuationofLow-Amp13tudeSoundinTubes

Theattenuationanddistortionofperiodicpressurewavesin ~es
mustbe consideredindesigmingandcalibratingtheprobemicrophone.
Theapparatusshowninfigure6(a)wasutilizedtomeasureattenuation
constantsforlow-amplitudepressurewavesandforvariousprobelengths.
Theso-called=rchoffattenuationconstant~ forl/4-inchtubeswas
computedfromtherelation

(1)

wherethesymbolshavethemeaningslistedina~pendixA. The~eri-
mentalvaluesobtainedfromequation(1)wereapprhtely 15percent
Weaterthanthetheoretical~choff value;thedatasxepresentedin
figure7.

AttenuationofHigh-AmplitudeSoundinTubes

Screechoscillationshavinga peak-to-peakpressureamplitudeas
greatas 20inchesofm~curyhavebeenencountered.Forsuchpressure
oscillationsthemsgnituded theattenuationcoefficientisreyortedto
be dependentontheamplitude(refs.6 to 8). Sincethesereferencesdo
notagreeontheshapeoftheattenuation-against-amplitudecurve,the
datacontainedinthereferenceswerenotconsideredadequateforcom-
putingthedampingofhigh-freqpency,high-amplitudewavesinthel/4-inch
tube.An experimentalandtheoreticalinvestigationofthedampingof
high-frequency,high-amplitudepressurewavesin smalltubeswasthere-
foreundertdcenaspartofthisinvestigation..

___ _—.._———— .——.——— ——--———
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Theoretical.- A derivationof equationsdescribingvariousfactors I

affectingthebehaviorofhigh-amplitudesoundintubesis givenin
appendix-B.Thefactorscanbe brieflysummaizedasfollows:

,
I

Thesoundpressureintheentranceoftheprobeisrelatedtothat
ofthesourceby theequation

Pr _pe=&p: (2)

Itiswell-known(ref.9)thathigh-amplitudesoundwavespropagat-
inginfreeairtendto develop
generatehigherharmonics.The
ofa waveoffrequencyf will

a Sair-toothwaveform;thatis,thewaves
amplitudebelowwhichthenthharmonic
notgrowis

(3)

where

0.292 dependson y x 1.4

a -@3 constcmtforfundamentalcomponent

m exponentof f in a (a= a’~)

Infreeair m . 2 and a-israthersmallforthefrequenciesof
primaryinterest.Forviscousdampingintubes,m is1/2;and,if a
isdefinedas a’@, equation(3)becomes

For
the

p- ~ 0.292cat~ .~ (4)

thecasewherethisvalueis exceededforthefirstseveralharmonics,
lengthofpropagationfora soundwavetobecomesaw-toothedis

1
L

—

( P ‘%
~*gh e,msx

Pe,~ - 0.292k~
)

Iftheamplitude-dependentattenuationcoefficientisdefinedas

r
dp

dx
-—=””% ‘P=.,

(5)

(6)

.-i

-

— ———— _— ——— —————— .-
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thisconsti.ntcanbe expressedas

U@.

(againfor T = 1.4).

A plotofequation(7)
amplitude-dependentdamping

4?+%aYLl
L -1

(7)

ispresentedinfigure8. Vialuesafthe
coefficient~ werecmbinedwiththe

experimentalvaluesoftheJHrchoffdampin~coefficient~, andthe
resultingexpressionforthecombineddsmpingeffectswasinte~ted to
obtainthecurvesshowninfigure9,wherevaluesof & areplotted
asa functionoftubelengthx forthreefrequencies.FY.gure9 indi-
catesthatevenforhighamp13.tudestheKirchoffdampinghasa rather
largeeffectindeterminingtheover+illattenuation.

Therefore,thefactorsaffectinga high-amp13.tudewaveasit enters
andpropagatesinthetubeareasfollows:Firsttheamp~tudeisre-
ducedonenteringthetubeaccordingto equation(2). Ifthemve form
is sinusoidal,itwillbecomesaw-toothedafterpropagatinga distance
givenby equation(5),duringwhichtimeitisattenuatedby Kirchoff
q~ (eq.(1)).Oncethewavebecomessaw-toothed,itisattenuated
accortingto theinte~ted equationshowninfigure9. Consideration
ofthesefactorsyieldsthetheoreticalcurvesshownh figure10.

Experimental.- Figure11 showsthewaveformrecordedat1080
cyclespersecondforvarioustubelengthsintheprobemicrophoneusing
theapparatusoffigure6(b).J@omthesewaveformsandfrcnnsimulta-
neousvoltmeterreadings,themean-to-peaksmp~tudesweredeterndned.

Figure12presentsa cmm&arisonofthepressureamplitudeindicated
by theprobemicrophonewiththatindicated%y thecalibratedreference
microphoneforfrequenciesof1080,2400,and3000cyclespersecond.
Alsopresentedinfigure12arethetheoreticalvaluesoffigure10.
Valuesof

2
obtainedfromthecurvesoffigure12axecomparedin

figure13vih thetheoreticalvaluesfromfigure8. Alsoshowninfig-
ure13arevaluesof ~ obtainedfromreferences6 and8.

Discussion.- Ikomtheforegoingresultsitis seenthatyrobe
microphonesused-inmeasuri~high-amplitude,high-frequencysoundbecome
lesssensitiveastheprobelengthis increasedaudasthewavelength
decreases.Fortunately,observedscreechfrequenciestendto decrease
as combustordiameterisincreased(e.g.,ref.4). Theresultingdesign
principleisfairlyobvious;formax3mumsensitivityoftheprobemicro-
phone,thedistancefromtheendoftheprobetothemicrophoneshould
be keptsmall.Itispossibleto obtaina reasonablyaccuratepicture
ofthewaveformby theuseofa probemicrophoneonlyifthewave
travelslessthana distancex* as definedin equation(5).

.- ———..—. —,. .-. —.. _ —.— —— .— —.—— .. . ..——
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andccvnputednonlinearattenua-
If calibrationfaci~tiesare
forcomputingtheamplitude-

.

dependentattenuationuntilsomemorerefinedmethod-becomes-available.

References6 to 8 postulateturbulenceasthecauseofthenonlin~
a.ttenuatimofhigh-smp~tudesoundin tubes.Figure13 showsthatthe
theoreticalnon13neardampingcoefficientsderivedinappendixB arein
reasonableqpeementwithboththeexpertientalvaluesofreferences6
to 8,whichwereobtainedinlargetubes,andtheexperimentalvalues
obtainedinthis‘investigationwithl/4-inch”tubes.Consequently,it
appearsthat ~ is independentoftubesizesndhenceisnota direct
functionofReynoldsnumber.Thetheorypresentedina~endixB is
thereforebekkved.to afforda better.sx@anationoftheobservednon-
linearattenuatiti.

EffectofTem@mtmreDiscontinuityonProbe-MicrophoneReading

AU.theforegoingeffectshavebeenforanassumedconstantmean
temperature.Whenthegastemperaturewithintheprobediffersfrcmthe
temperatureinthecombustor,a reflectionwilltakeplacewherethe b,
soundwaveentersthetube.Assumingthatparticledisplacaentand
soundpressureareequaloneithersideofthisinterface,theratioof
thetransmittedwaveto theincidentwaveamplitudescanbe ccmrputedas
a functionofthetemperatureratioofthegasoneithersideofthis
interface.Thisratioisgivenin thefollowingequation:

‘tr.=—
P~c

r
1+2%

%c

(8)

FlameDetection

Ionizationgapswereusedto detectthelocalmotionsoftheflame
duringscreechandtogivean indicationofptiticlemotionina com-
bustor.Theionization9PS usedareshotiinfi&e 14. Theuseof
thesegapscoupledwitha surface-mountedpressurepickupprovidedan
instantaneouspictureofthe“relationbetweenthelocalpressureandthe
flame-frontpositionneara flameholder.

Severalvariationsof@otocellprobesweremadeandtried.The
resultswerenotsatisfactory.A periodicvariationintheluminosiw
oftheflamezonedownstreamoftheflameholderwasobttiedwiththe
photocellprobesketchedinfigure15.

..
Thisprobeconsistedofa small

~eriscopepurgedwithclean,dryairflowingthroughtheperiscopeinto
thecambustor.Thephotoce13.recordedanintegratedvalueofthelight

u.

.—._. ___ .———z ...—.. ..———
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emittedwithina narrowconebetweentheperiscopeandthewall. The
photocellprobeproduceda periodicsignalduringscreechandtherefore
showspromise;ithasnotbeenusedsuffici&tly,however,towarrant
itsrecommendation.Theionizationgaps,ontheotherhand,whichwere
simplerto constructandto operate,have@ven veryinterestingdata
andarerecommendedforfurtherscreechinvestigations.

Procedure”

Therelativescreechamplitudeatvariouspositionsacrossthe
diameterofthe6-inchafterburnerwasmeasuredat differentdistances
downstreamoftheflameholder.Thedistancebetweentheflameholderand
theprobemicrophonewasvariedbychangingthetial positionofthe
flameholder.Thepressureamp~tudeatthe@ ofthecombustorwas
measuredat18pointsalongthelengthofthecaibustorby leavingthe
flameholderfixedandmovingthemicrophonetothevariouspositionsof
measurement.Duringtheprocessofmak$ngthesesurveysofrelative
screechamplitude,thefrequencyspectrumof”thesoundwasalsorecorded
atvariouspositionsinthecombustor.

Therelativephasingofthepressuresignalat differentpositions
inthecombustorwasdeterminedwithtwomicrophone.pickups.Phase
measurementsweremadebetweena referencepressuresignalandthepres-
suresignalobtainedinvertic

%
diametricsurveysatthreedistances

downstreamoftheflsmeholder(~,4,snd7*in.).Phaserelationswere
alsomeasuredat 18pointsalongthelengthoftheccmibustor.withtwo
ionizationgapslocated180°apart,3/4inchdownstr&moftheflame-
holder,andextending3/4inchfrm theburnerwalls,oscillationsofthe
flameweredetected.Simultaneousmeasurementswiththeionizationgaps
anda microphonepickupwereusedto determinetherelativephasingbe-
tweentheflamepositionandthepressureinthecombustor.

Thepeak-to-peakpressureamplitudewasmeasuredatvariouspressures
andair-flowratesin the6-inchafterburner.At eachof severalair-flow
ratesthecombustorpressurewasprogressivelyloweredto determinethe
limitingpressurebelowwhichscreechwasnotencountered.Measurements
of screechamplitudeandfrequencyweremadeatvariousfuel-airratios
intheccmbustor;thesedatawereobtainedwiththefixed-areaexhaust
nozzle,however,andchangesin fuel-airratiowereaccompaniedbyvar-.
iatfonsin ccmibustor-imletvelocityandcmbustorpressure.

.
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RESUCTSANDDISCUSSION

ScreechMechanism

Amplitudedistribution.- Therelativescreechamplitudeatvarious
~ositionsacrossthecombustordiameteris showninfigure16forsur-
veysmadeatdifferent&Lstsncesdownstreamoftheflameholder.The
dataoffigure16wereobtainedbytraversingtheflameholdersxially
alongthelengthoftheccmibustor.At certainlocationsoftheflsme-
holderinthecmbustor,thelongitudinalmodeofoscillationwould
scnnetimesa~ear,andtheindicatedtiilteredamplitudeof screech
wouldrise.Figure17 showsan oscilloscopetraceofa combinedintense
low-frequencynotewithscreechanda phaserelationofthetwofrequen-
ciesobtainedwithappropriatebsnd-passfilters.Thereisanapparent“
modulationofthescreechamplitudeby thelow-frequencynote.Formost
positionsoftheflameholder,the3300-cyclescreechconstitutedthe
dominantoscillation.Forotherpositions,however,thelow-frequency
490-cycleoscillationwasdominant,asindicatedinfigure16. lt@ure
18 showstypicalspectraofsoundrecordedattheconibustorwallforboth. ~
thelow-andhigh-frequencyoscillations.

b allsurveysshowninfigure16wherethe3300-cycleoscillation ‘,
wasdcminant,theampJ3tudeexhibitsa pronounceddipnearthecenterof
theduct.Thisisthesmplltudepatterntobe expectedwitha transverse
modeofoscillation,as showninfigure19. Sucha patterncouldnot
resultfrcmradialorlongitudinaloscillations.

Figure20 showsa comparisonofa soundspectrumatthecombustor
wallwitha spectrumatthecenteroftheductforconditionsproducing
theamp~tudedipatthecenter.Onlythehigh-frequencypartofthe
spectrum(3300CPS)is attenuatedatthecenter.Itis concluded,there-
fore,thatthefrequencyassociatedwiththetransversemodeisabout
3300cyclespersecond.Thedatashowninfigures16,17,18,and20
arerawdatatakenwith3 feetoftrsmmissionJdnepipingthesignalto
themicrophoneandsubjecttothecorrectionspreviouslydiscussed.

Fortwopositionsoftheflameholder,theamplitudeatthewallwas
measuredat18pointsalongthelengthofthecombustorwitha single
microphonemovedfrompointtopointto obtainthedatashowninfigure
21. Thesedatashowa peakinthescreechamplitudeabout5 inches
downstreamoftheflameholder.Thispeakllesinthere@.onwherethe
madmumheat-releaseratemightbe expected.

Thecircumferentialdistributionof soundata plsnel+inches
downstreamofa V-gutterflsmeholderis showninfigure22. Thesedata
weregatheredinthreesuccessivetests,theflameholderbeingrotated

!

45°betweentests.ThefilteredscreechsignalisplottedagainstPosi-
tionrelativetothegutter.A strongmaximumisapparentatlocations



NACATN3567 I-1

.

l?ez’P~~c~artothe~tter~thUStificati%thatthegutterorientation
‘controlsthedirectionofthetransverseoscillation.Alsoplottedis
thehigher-frequencycontentofthesignal;this,too,isminimumbehind
thegutterbutdoesnotdemonstratesomsrkeda peakasthescreech
fundamental.Thismaybe interpretedas su~estinga nonsinusoidal.driv-
ingforcewhichactsovera relativelylargeportionofthecrosssection.

Thedatipresentedinfigures16,21,and22areconsideredcon-
clusiveevidencethatthescreechoscillationstudiedcompriseda stand-
ingtransversewave. Thecircumferentialandradialdistributionfollows
thegeneralshapedemandedby sucha wave;thelongitudinalsurveymay
alsobe sointerpreted.Thesmplitudepeakshownonfigure21doesnot
indicatethepresenceofa standinglongitudinalwave;ratherit signi-
fiesthelocationfromwhichthetransverseoscillationisdriven.
a ccmibinedlongitudinalandtransversemodeexisted,thefrequency
be

‘H
would

(9)

where ~/2 isthereciprocalofthehalfwavelengthofthelongitudinal
oscil&tions,and d istheburnerdiameter(ref.10). Ifthislongi-
tudinalcomponentistohaveanappreciableeffectontheindicatedfre-
quencies,thebib?wavelengthwouldhavetobe oftheorderofa diam-
eter.Witha halfwavelengthofthismaguitude,multiplepressurenodes
wouldoccurinthe38-inchlengthsurveyed.Sincemultiplenodesare
notevidencedinfigure21,thereexistno longitudinalcomponentswhich
canappreciablyaffectthefrequency.Thescreechfrequencycauthere-
forebe expressedby therelation

(lo)

Thevaluesof B (ref.10)forthefirsttwopuretramversemodesof
oscillationare0.568and0.972.

I&equency.- Theobse~edscreechfrequencyofapproximately3300
cyclespersecondcanbe producedby thefirstpuretransversemodeof
oscillation(P= 0.568)ifthespeedofsoundis2920feetpersecond,
orby thesecondtransversemode(p= 0.972)ifthespeedof soundis
1710feetpersecond.Thesevaluesforthespeedof soundcorrespondto
averagetemperaturesof 3850°and1250°R, respectively.Thehigherof
thesetemperaturesapproachesthetheoreticalflametemperature;the
lowerapproachesthetemperatureoftheinletair. Considerationof
screechfrequencythereforeindicatesthattheoscillationcouldconsist
ofthefirsttransversemodeinthehotgasorthesecondtransverse
modeintheinletstream.Fortransversemodesof oscillation,the
pressurewillbe outofphaseontheoppositesidesofthecombustorfor
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oddmodesandin@ase onoppositesidesofthecmbustorforevenmodes
ofoscilJ&ion,alonganydiameterexceptanantinodaldiameter.Phase
measurementsshouldthereforemakeitpossibleto determinewhetherthe
firstorthesecondtransversemodeofoscillationoccurs.

Phasemeasurements.- I&meansofthespecialphaseprobes,vertical.
&Lsmetricsurveysofpressuresm@_itudewe$e-e atthreedistances
downstreamoftheflsmeholder(~,4,and7*in.)to obtainthedata
ShOWIlin fi&UHJ 23 and24.●A typicaloscilloscopetraceisshownin
figure23. Thephaseofthepressuresignal”relativetothesignalob-
tained3/4inchdownstreamofthqflameholderatthetopwallofthe
cmbustoris indicatedinfigure24. The180°phaseshiftacressa
diametertidicatesthatthefirstt~verse moderatherthanthesecond
modeofoscillationpersistealin thecombustor.Thedataoffigures23
and24indicatethatthereisalsoa phaseshiftalongthelengthofthe
caibustor.Therelativephaseofthepressuresignalalongthetopof
theccmbustoris showninfigure21. Thesedataalsoindicatetheex-
istenceofa pronouncedphaseshiftinthevicinityoftheflameholder,
signif@ngthatin thisregionthewaveshavelongitudinalcomponents.
Theabsenceofa phaseshiftinthehotgasesdownstreamoftheflame- .
holderindicatestheexistenceof-puretransverseoscillationinthis
region.

0

CircuucPerentialphaserelationsweresought.Theresultswerenot
conclusiveandcouldbe interpretedas evidenceeitherofstandingor
travelingtransverseoscillationaccordingto thedesireoftheinter-
preter.‘TM’smaybe attributedtothelargeseparation(90°)ofthe
instrumentationpositions,tothenonsinusoidalnatureofthewave,or
to a phaselagbetweenthedrivingforceandtheoscillation.

Withtwoionizationgapslocated180°apart,3/4inchdownstreamof
theflameholderandextending3/4inchfrcmtheburnerwalls,thesignals
showninfigure25(a)wereobtained.Theflamestrikingtheionization
gapswas180°outofphaseon oppositesidesofthecotiustor.At posi-
tionsfartherdownstreama randomcomponentwassuperimposedonthe
periodicccmponent,makingthesigmlmfictit tofitewreto

Simultaneousmeasurementsofpressureandf-e-producedionization
ata station3/4inchdownstreamoftheflameholder(fig.25(b))showed
thattheoutwardflame-frontmotionisinphasewiththepressureatthis
station.Onthebasisofthesephasemeasurements,a timesequenceof
eventsinthescreechcyclecanbe constructedas showninfigure26.
Therelationbetweenthepressuresadtheflame-frontdisplacementis
preciselythatwhichwouldaccompanya transverseoscillation.

—.— -—--
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Effectof~stemVariablesonScreech

Pressure.- Theeffectofpressureonscreechamplitudeis shownin
figure27. Thepeak-to-peakpressureamp~tudeshoweda generalincrease
withincreasein combustorpressure.Thesemeasurementsweremadewith
a flush-mountedmicrophonelocatedupstreamoftheflsmeholderandthere-
foredonotrepresentthemadmum-ues ofamplitude(seefig.21). The
air-flowrateisnotedforeachdatapointinfigure27. At anair-flow
rateof1.5poundspersecond,thepressurelimitforscreechwas20
inchesofmercury.Detailedmeasurementswerenotmadeofvariationsin
frequencywithpressure;sufficientobservationwasmade,however,to
ascerkinthatnomarkedchangeinfrequencyoccurredaspressurewas
varied.

Through-flow.- Thecombustorscreechedthroughoutmostofits
operatingrange,as showninfigure28. Screechwasencounteredatpro-
gressivelylowerpressuresasthrough-flowwasdecreased.During.screech
thecombustionefficiencywas90to1(X)percent;theefficiencydropped
abruptlyby approximately35percentwhenscreechceased.

Thelimiteddataoffigure27showno consistentvariationof
screechamplltudewithvariationinflowrate.No effectofflowrate
onscreechfrequencywasnotedforthelimitedrangeinvestigated;these
dataarepresentedintableI. Thesetests.wereconductedwitha fixed-
sxeaexhaustnozzle,however,andthemaximumvariationin cmbustor-
Inletvelocitywasabout20percent?

Fuel-airratio.- Theeffecton screechofvariationsinfuel-air
ratiois shownby thedataoftableI. Thefixed-areanozzlewasused
toobtainthesedata;thisdidnotpetit changesinfuel-airratiowith-
outsimultaneousvariationsin cmbustor-inletvelocityandcomlnwtor
pressure.Onlyqualitativetrendscanthereforebenoted.Fuel-air
ratioexhibitednopronouncedeffecton screechamplitude.Theeffectof
fuel-airratioon screechfrequencywasasfollows.Maximumfrequencyof
35W cyclespersecondwasobtainedatanequivalenceratioof1.146.
Screechfrequencydecreasedasfuel-airratiowasdecreasedbelowthis
value.Thefrequencywas3350cyclespersecondatm equivalenceratio
of0.934amd2800cyclespersecondneartheleanblow-outwt. When
thefuelthrottlevalvewasabruptlyclosed,ccmibustionpersistedforone
totwoseconds.Duringthistimethescreechfrequencycontinuously
dec13.nedtoa valuemuchlowerthan2800cyclespersecond.

Flameholdertype.- TwosinglediametricV-me flameholdersandtwo
60°single-coneflameholderswereinvestigated.WiththeV-typeflame-
holders,an aperiodicroughnesswasobtainedthatwassuperimposedonthe
high-frequencyscreech.ThelargerV-typeflameholderburnedoutafter
20minutesof operation.Theflameholdersgivinggreaterareablockage
permitteda widerfuel-air-ratiorangeof operation.AJJ-theflameholders
investigatedscreechedthroughoutmostoftheiroperatingrangeof~el-
airratio.

__— . -.— .—.—.—— - ————. — ———.
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l?lameholderposition.- No a~preciablechangein screechfrequency
oramplitudewasnoticedwhentheflameholder~ositionwasalteredto
producecmnbustorlengthsfrcm34to45 inches.At onepositionofthe
flsmeholder(givinga combustorlengthof42 in.),however,a longitu-
dinalmodeofoscillationhavinga frequencyofapproximately470cycles
persecondappeared.Thislongitudinaloscillationdidnotreplacethe
screechbutmerely”accompamiedandmodulateditas shownin figure17.

SpeculationRegardingScreechMechanism

Thedatathusfarindicatethatthegasintheburnerdoes,infact,
executea transverseoscillationduringscreech.Littlehasbeensaid,
however,ofthemeanswherebytheoscillationismaintained.Samesource
of enerwis obviouslyrequired.Twosourcesofeneruareavailablein
thecanbustor:(1)thekineticenergyintheflowinggasstresm,and
(2)thechemicalenergyreleasedduringtheconibustionprocess.Ofthese
twosources,thechemicalener~isfargreater.Ihorderthatthis
energybemadeavailabletoovercomedsmpingandmaintaintheoscilla-
tionsat a highamplitude,itisnecesssryforittobe involvedin some
time-varyingworkcycle.ThecriterionproposedbyRayleigh(ref.11)
isthattheheatinputshouldoccuratlocationswherethepressurevaries
andata timewhenthepressureisnearits~. Fora casewhere
theosci~tionsaredrivenby thekineticeneraoftheflowingstream,
theheatreleasemayplaya partin intermittentlystoringandreleasing
thiskineticenergyin sucha mannerthattheoscillationismaintained
(ref.12). Ineitherevent,itis obviousthattheoscilktionmaybe
drivenonlywhentheheatreleaseundergoesa variationwithtime. This
maybebroughtaboutinmanyways.

.

A couplingbetweenthechemicalreactionandtheacousticoscilla-
tionscouldresultfromtheeffectofpressureandtemperatureonthe
chemicalkinetics.Therateofener~ releaseperunitvolumeinhigh-
speedcombustionequipmenthasbeenshownto increasewithincreasein
pressureandtemperature(ref.13). A relationofthissortcsnbe used
topretictthevariationinheat-releaserateresulting-fromanadiabatic
compressionoftheburninggases.A similarresultobtainsif thecom-
bustionzoneis assumedto comprisemanylsminarflamesagainsubjected
toadiabaticcompression.Bothapproachesindicateanamountofener~
availablefordrivingtheoscilktionthatisproportionaltothemean
localheat-releaseratesndtothesquareofthedimensionlessperturba-
tionpressure.

Suchanapproximation
portedherein.At typical
availableenergywasfound
thefuelsupp~ed.

wasappliedtotheexperimentalburnerre-
conditions,perturbationpressureof 0.5,the
tobe about3 percentofthetotalenergyin 2

,.
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Theoscilkbionisdamped,itsenergyremoved,inat leastfour
ways: (1)soundpropagationupstream,(2)masstransportdownstream,
(3)absorptionsadscatteringattheouterwall,and(4)nonlineardamp-
ingofthewavesinthemannerdiscussedinappentiB.

Dampingoftypes(1)to (3)dependsonamplitudesquared.me (4)
dampingisa functionofamplitudecubed.Therateofenergylossdue
to (1)and(2)fortheexperimentalburnerwaseslxbatedtobe fromone-
thirdto one-haMtherateatwhichenergywouldbe supplied.Bamping
oftype(3)becomesof comparablemagnitudeonlywhenthewallsaremade
highlydissipative.ThenonJ3nearattenuation(type(4))is si~icant
onlywhentheampkitudeislarge.“

Theforegoingcrudepictureenablesthefollowingpredictionstobe
madeastothevariatianofscreechtendencywithoperationalparameters.
Thedimensionlessamplitudep wouldbe an indexofthedifferencebe-
tweenthedrivingpowerandthe“linear”dampingterms(1)to [3);hence,
itwouldserveasanindexofscreechtendency.Thistendencywillin-
creasewithincreasesinmassflow,inlettemperature,flameholderblock-
age,andmeanheat-releaserate.Thetendencywillincreasewithpressure
onlyifthelocalheat-releaserateperpoundpersecondalsorises.If
thedimensionlessamplitudep is constant,theamplitudeP - Pav wilJ
increaseldnearlywithpressure.Thesegeneralpredictionsseemtobe in
agreementwiththe~erimentalfindings.

Thepreviousconceptofdmpinganddrivingassumestheheatrelease
tobe inphasewiththepressure.Ifthisisnottrue,thedrivingforce
wouldbe reduced.Alsoneglectedwerethepossiblerolesofflamewrin-
Ic13nganddetonation.A flame-frentdisturbance,possiblycausedby the
scatteringofwavesattheflameholder,certainlytists,as etidencedby
theexcellentschlJerenphotographsofreference3 andby thedatashown
infigure25. Theresultanttime-vaqingheatreleasemaywellbe an
importantconstituentofthedrivingforce.

Itis quitepossiblethatintheenvironmentofthescreechingcm-
bustor,theheat-releaseratemayattimesmorenearlyapproachthatof
detonationratherthanthatassociatedwithsteadyconflagration.This
againcouldaltertheenergydrivingtheoscillation.Neitherofthe
last-mentionedfactors,however,wouldalterdrasticallythetrends
predictedby theuseoftheshplifiedpicture.

Therearecertainbeneficialaspectsof screech.Oneoftheseis
theincreasedcanbustionefficiencyaccanpanyingscreech.Anotheristhe
possiblegainintheover-allheatcyclefora giventhermalefficiency.
Thiscanoccurbecausemostoftheheatisreleasedata higherlevelof
pressurewithscreech.Itisuncertainhowmuchofthisexcessener~
isavailableabovethatrequiredto overccmedampingoftheoscilJ&ion.
To retainthebeneficialaspectsof screechwhilemitizing thedestruc-
tiveeffectswoulddananda thoroughandquantitativeevaluationofcon-
troltechniques.

— —.—. — —.-— —-. — -——
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Theresultsofaninvestigationto developinstrumentationandstudy “
screechina 6-inch-diametersimuktedafterburnercanbe summarizedas
follows:

1.Rrobemicro~honesweredevelopedthatcanbe utilizedtomeasure
thefrequency,relativeamp13tude,andphaserelationsofpressure
oscillationsatvariouspositionswithina screechingcombustor.

2.Calibrationdatawereobtainedthatmakepossiblethedetermina-
tionoftheabsolutevalueofpressureamp~tudefromprobe-microphone
readings.@ obtainingthesecalibrationdata,a newtheorywasproposed
to accountforthenonlinearattenuationofhigh-amplitudesoundin
tubes.“

3.I?rommeasurementsofpressure-amp~tudedistribution,frequency,
andrelativephasingduringscreechingoperationofa 6-inch-diameter
simulatedafterburner,theacousticoscillationsaccanpanyingscreech .
werefoundto consistofthefirsttransverse(sloshing)modeinthehot
gasesdownstreamoftheflameholder.

4.Thesmall-scaleafterburnerinvestigatedscreechedthroughout
mostofitsoperatingrange.Screechwasabsentonlyat conditions
approachingflameblow-out;screechdisappearedjustbeforeblow-outas
pressurewasdecreasedorasairflowwasincreased.

LewisFlightPropulsionLaboratory
NationalAdvisoryCcmmitteeforAeronautics

Cleveland,Ohio,October1,1953

.-
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a

c

d

f

n

P

Pav

u

v

v

x

X*

a

%2

%

%?

af

Thefollowingsyibolsareusedinthisreport:

meansoundvelocityrelativetothegas,ftfsec

localsoundvelocityrelativetothegas;ft/sec

combustordiameter,ft

frequency,see-l

integerdenotingparticularharmonic

localpressure,lb~sqin.abs

mesnpressure,lb/sqin.abs

perturbationpressure,(P/Pav)- 1

timerequiredfora wavetobecomesaw-toothed,sec

localgasvelocityrelativetofixedcoordinates,ft/sec

propagationvelocityofsaw-toothshockfrontrelativeto
coordinates,ftjsec

wave-propagationvelocity,re3&ivetofixedcoordinates,

distance,ft

distancerequiredfora wavetobecomesaw-toothed,ft

@nPingcoefficient,ft-l

effectiveover-alldampingcoefficient,~ = ak + ap,ft-L

fixed

ftj~ec

viscousdampingcoefficient,ft-~

-1saw-toothdampingcoeffici&,ft

dampingcoefficientforwaveofunitfrequency,a’= -1a/~, ft

constant

wavelength,c[f,ft

-....—. — -—. -——.- — — .—. —— — ..—. .— ——. — —-
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-Stiscripts:

e

max

n

r

.

conditionsobtainedat

conditionsobtainedat

conditionsobtainedat

integerdenotingparticularharmonic

conditionsobtainedat soundsource

NACATN3567
,+

probeentrance

wayemsxlmumpressure

waveminhmnpressure

.
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APPmIx

DISTORTIONANODIMINUTIONOF

AMHXTUOEIN

B

SOUNDWAVESOFFINITE

TUBES

Ithasbeenestablished(ref.9)thatfinite-amplitudesoundwaves
tendtowarda saw-toothwaveformastheypropagate.A portionofa
singlesaw-toothwavehasbeenexminedinreference142whichshowed
that,up topressureratiosof 2.5,thesoundspeedcmputedbythe
isentropicrelation

1

:=(1+P)7 (Bl)

differsby lessthan1 percentfromthatdeterminedfromtheRankine-
Hugoniotrelation

1

[. Jc (l+p)(7+p)z—=
a 1+6(1+P

(whenT = 1.4). A1.m the Ri~ invariant

Q= 5C - u= constant

wasfoundto varylessthan1 percentforshocks
(i.e.,p= 1.5).

SinceQ is constantforrarefactionwaves

(B2)

(B3)

Up to P/Pav=2.5

andapproximatelycon-
stsntforshockwaves,equations(Bl)and(B3)definetherelation
betweenu, c,and p.

Fromtheforegoingconstderati~ns,a nmiberofusefulrelations
canbe derivedforthepropagationof soundintubes.

Endeffect.- Athighsoundlevelszthevsriationin staticpres-
sureattheentranceofthetubewillnotbe equaltothepressurevar-
iationinthemediumfromwhichtheimpulseistaken.Thisresultsfrom
theassumptionsthat(1)waveenergyis conservedand(2)theincident
soundhasnopsrticlevelocitycomponentinthedirectionofthetube.
Withtheseassumptionstheenergyequationreads

2 2 2
ue+5c=5c (B4)“e r

—. . .——..—_ __ _ ___ . ._ - —.—————.—-.——
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Wit- the
relatedby

tube,thespeed
theequation

NACATN

of soqndandtheparticlevelocityare

5ce- Ue= 5a

Thespeelof soundmaybe relatedto soundpressureby

,.
1

:=(1+-P)%+?

3567

(B3)

(Bl)

Combj-g equations(Bl),(B3),and(B4)yieldsthefollowingexpression
relatingthesoundpressureintheprobeentrancewiththatinthe
source:

Pr-Pe:+P: (2)

Transitiontosaw=tooth.- A harmonicdistortionoffinitesound
wavesresultsfromthevariationin soundspeedbetweenthecompressed
andthersrefiedportionsofthewave,asindicatedby equation(lU.).
Thus,anyfinitewave,regardlessof itsinitialform,willapproachmore
andmorecloselythesaw-toothedshapeastimepasses;thatis,the
leadingportionofthewavewillbecomea shockwave,whiletherarefac-
tionwillbecomemoreandumregradual.Therateatwhichthistrsmsi-
tionoccurswill,of course,dependonthemsgdtudeofthewave.

E a trainof sinewavesbe engenderedinaninitiallystationary
medium,thewaveswillbecome“saw-tooth‘informin a time

Since

v c +Umax= max

.

(B5)

equations(Bl),(B3),(B5),and(B6)maybe conibinedto give

t* = 7A24apN

Thedistancethewavetravelsduringtransitionisthen
.

. :.7A
‘*= 24P-

(B6)

(B7)
..

(B8)

.

— —— —-——
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Theserelationsshouldapp~ towavesprop~atinginidealgases.
Ifthewavesarecmfinedina tube,thefactorofviscousdampingmust
be considered.Theidealsaw-toothwavemaybe representedby the
Fourierexpansion

(B9)

Sincetheviscousdampingincreaseswithincreasingfrequency,a physical
wavemaymoretrulybe representedby t~nating theserieswiththe
nthharmonic.Thefiniteserieswillthen-bit a pressuremaximumat
a point

~,=x n.—
2n+l (B1O)

if ft inequation

Ifthedamping
lowstherelation

(B9)is seteqti to an integer.

ofthenthharmonicof a waveoffrequencyf fol-

+z’#nmx
Pn= Pn,ee

therateofdecayof pn withdistanceis

Assuminga uniformrateof
(B1O)yield

dpn
= - pna’dnmz

(Bll)

(BIZ)

growthofthisharmonic,equations(B8)and

dpn pnp-

K ‘m——
24n+l.

(B13)

Thevalueof p_ belowwhich pn willno longergrowisfoundby.

equatingthesumof equations(B12)and(B13)to zero,yielding

(3)

Infreeair m=2 and a is
fairlysmalltubes,m is1/2;

small.forthefrequenciesofinterest.W
when a 5 a: ~, eqyation(3)becomes

0.292ca’fi(n-1) (4)

~(n+l)

.

.——. —.
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.

Iftheviscous(-choff)dampingcoefficientisappliedtothe
waveduringthetransitionfromsineto saw-toothby therelation

-8Pp= =pe,_e (B14)

thetransitiontimeanddistancecsmbe recalculatedby theuseof

Thisbecomes,by equations(Bl),(B3),(B6),(B14),and(B15),

24pe,~ a b+l)t~.~ln%a -7A~(n-1)+ 24pe,W(n+l)

or

(B15)

(B16)

(B17)

(5)

Nonlinearattenuation.- E?theoriginalpressurewaveisof suf-
ficientamplitudeto generatea lsrgenumberofharmonics,a nonlinear
attenuationresults.Thisoccursas a resultoftheoverridingofthe
shockfrontby thefollowingrarefactionimpulse.In consideringthis
attenuationit is assumedthatthewavewillremainapproximatelysaw-
toothinformandthatthemeanpressurewillbe foundhalfwaybetween
themaximumandthembinmmpressures.TheRankine-Hugoniotequation,.

umax-%lin 5

(

‘-”min cm

Cmin = E c* - v-u* )
(B18)

maybewrittenin quadraticformandsolvedasfollows:

v

Equations(Bl)and(E3)maybe conibinedto give
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. (B20)

which,withequation(B19)andtheassumptionof equalpressureand
rsrefactionmagnitudes,gives

!I!hus,itis seenthatlittleerrorwouldbe introducedby assumingthat
thepropagationvelocityoftheshockfrontisequalto thespeedof
soundintheundisturbedmedium.

Therateatwhichthesaw-tooth.wavediminishesbecauseoftheover-
ridingofthersrefactionupontheshockfrontcanbe exyressedinterms
ofa nonlineardampingcoefficient~, definedas

(6)

Theequivalentexpression,int-s ofpeakandaveragewavevelocities,
is

~=-&V=-a) (B21)

whichmaybe combinedwithequations(Bl)j(B3),and(B6)to give

[

1 1cy~(l+p=)~”l(7)

TMS nonlineardsmpimgisassumedtobe accompaniedby viscousdamping;
theeffectivedampingcoefficientforsaw-toothwavesina tubeistaken
asthesumofthetwoeffects:

1

(B22)

Thevsriationofpeakpressurewithdistancecanthenbe obta
3

d by
intewation,againusingthebinbmialexpansionof (1+&) 7 and
discardingtans ofhigherorderthan p~. Thisyieldstheexpression

.

.. ... -. —— —.. ——.—..——.
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fromwhich

or

-2a@.e

where Co

SF(dp-
f

=-
1 (3x

P — Pmmax7a

NACATN 3567
,

(B23)

1

istheconstantofintegration.
tubesize,thisequationmaybe plottedas

TO summarize,therearethreeregions

(B25)

Fora givenfrequencyand
infigure9.

withdistinctcharacteristicsI
throughwhichthe-roundwavetravelsin a probe-typemicrophone;the
entrance,.thetransitionregion,andthesaw-toothregion.Considering
theseregionsseparately,curvesmaybe drawnfora givenprobediameter
thatwillrepresenttheinternalsoundlevelasa functionofsource
levelandtubelength.Thesoundlevelatthetubeentranceisless
thanthatofthesourceby themnountindicatedfromequation(2). Dur-
ingthetransition(thelengthofthisregionisdeterminedfromeq.
(5)),thelinear(Kirchoff)dampmcoeffi~-t appkl.es(eq.(B14)).
Whenthetransitionis complete,thedsmpingcoefficientofequation
(B23)mustbe used. Sucha setof curvesis shuwninfigure10.
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‘I!K8LEI. - OBSERVEDFKEQIIENCIESFORSIMILTMWCUSVARIATIONS

OFMASSFLOW,EQUIVALENCERATIO,ANDBURNERPRESSURE

,[Inlet-gastemperature,16600R]

Frequency,Massflow, Equivalence Mean Inlet
Cps lb/see ratio pressure,velocity,

Pav, ft/sec
lb/sqin.

3350 2.005 0.9339 19.78 310.9

3500 2.080 1.104 20.78 307.1

3500 2.080 1.146 20.78 307.1

3400 1.990 .9968 20.28 301.0

3400 2.452 1.007 22.28 337.6

3400 2.787 .9964 24.28 352.1

3400 3.166 .9881 26.28 369.6

3350 3.474 .9595 28.28 376.8

3567
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